Abstract The effects of Na-free Li solution on the electrical and mechanical activities were examined in a bullfrog's ventricular strip. The action potential showed a triphasic change during Na-free perfusion : the initial decrease in the overshoot and duration, the secondary restoration and the gradual decrease in the membrane potential. The twitch contraction also changed in a triphasic manner : the initial rapid decrease with a transient development of contracture and the secondary slow decrease followed by a partial recovery. A negative staircase, which was accompanied by full-sized twitch contractions, was induced by lowering the stimulation rate in this medium, indicating an involvement of some intracellular Ca releasing sites for activating the well-maintained contractile proteins. When CaCl2 was omitted during Na-free Li perfusion the twitch decreased only slightly down to 71.8 % whereas in Na-containing medium it decreased to 11.9 %. The sensitivity of twitch to the external Ca was thus greatly diminished in the Na-free condition. A fairly large contracture could be elicited by high K solution in Ca-free Li solution even after a prolonged Ca-free perfusion. Modification of the action potential by passing a hyperpolarizing current did not affect the twitch occurring in the Li solution, in contrast to its marked effect on the muscle perfused with normal Ringer. From these results it is concluded that the twitch is activated mainly by Ca released from some intracellular site in the Na-free Li solution. The inhibitory effect of Mn on this contraction was discussed in relation to its intracellular action.
exchange mechanism between Na and Ca ions across the myocardial cell membrane was demonstrated, which possibly operates independent of the membrane potential and is responsible for Ca extrusion from myocardial cell (REUTER and SEITZ, 1968) .
Since the Na-free contracture can be produced without accompanying any critical change in the membrane potential, it seems to be associated with an increase in the Ca influx via the Na-Ca exchange mechanism (VASSORT, 1973) rather than with an increase in some depolarization-dependent Ca influx such as the slow inward Ca current. CHAPMAN (1974) recently found in the frog atrial trabeculae that Na-free contracture relaxes spontaneously. It also showed the possibility of the sarcoplasmic reticulum being involved in removing the activator Ca from the sarcoplasm.
The present study was aimed at clarifying the mechanism for the twitch generation following a complete relaxation of the contracture in the Na-free medium. The NaCl in the Ringer solution has been totally replaced by LiCl since Li ion is known to substitute the action potential generating mechanism of myocardial tissue (CARMELIET, 1964) . It was of interest to get some information about the possible contribution as well as turnover of intracellular Ca ion to the twitch in the amphibian myocardium.
METHODS
Small strips dissected from the middle portion of cardiac ventricle of Rana catesbeiana were used in all experiments. Single sucrose-gap arrangement with a gap width of 1 mm was used for passing the electrical current, and the intracellular membrane potential and the isometric tension were simultaneously measured in the test compartment. The detail for the experimental setup and procedure has been described elsewhere (KAWATA et al., 1974) .
The normal Ringer solution had the following composition (mM): NaCl 111, KCl 2.7, CaCl2 2.4, NaHCO3 2.4, KHZPO4 0.37, glucose 11.1 and pH of the solution was 7.2. Na-free Li solution was prepared by replacing all of NaCl by equimolar LiCl, and NaHCO3 by KHCO3. Ca-free Ringer and Ca-free Li solution were made by simply omitting CaCl2 from the normal Ringer and the Na-free Li solution, respectively. When high K solution was used in order to observe potassium contracture, 100 mM of NaCl was replaced by equimolar KCl in these solutions so that the osmolarity of the solution was kept constant. In some experiments, in which the effect of Mn ion was studied, Tris buffer, 5 mm tris(hydroxymethyl) aminomethane, was used. The pH value of this solution was slightly higher (7.35) than that of the normal Ringer.
The heart muscle preparation was stimulated with a square pulse (10 msec) through the sucrose-gap with a constant frequency of either 7 to 8 shocks/min or 1 shock/min according to the experimental purpose. In the case of the 
RESULTS
Effect of prolonged Na free Li perfusion on the electrical and mechanical phenomena Perfusion of an isotonic Na-free Li solution, Li Ringer, resulted in a development of contracture which subsided gradually. When the muscle preparation was kept in quiescent, as shown in Fig. 1A , the rate of spontaneous relaxation was rather slow, whereas it was almost complete in the muscle driven constantly (Fig. 1B) . The twitch superposed upon contracture was decreased first rapidly and then slowly to 20 to 30 % of the control in the normal Ringer within 10 min and thereafter a slight recovery was observed in most of the preparations. The relaxation rate of each twitch contraction was markedly suppressed. Figure 2 shows the changes in both action potential and twitch contraction. The resting membrane potential was not changed during the first 10 min of Li perfusion, thereafter it was gradually depolarized by 10 mV (panel D). Although CHAPMAN (1974) reported the transient hyperpolarization of 10 mV by replacing the normal Ringer with Na-free Tris Ringer in the frog's ventricular Fig. 4A . Some preparations, however, showed a negative staircase (see Fig. 5B ). The difference in both types of staircase is essential because, in the former case, the rate of tension rise was exclusively suppressed (not shown) whereas in the latter the time to peak tension was prolonged but the maximum dP/dt remained practically unchanged (see Fig. 7A ). The prolongation of time to peak tension reflects that of the action potential plateau. Now, when the normal Ringer was replaced with Na-free Li Ringer, a negative staircase phenomenon was consistently observed independently of the mode of staircase in the normal Ringer ( Fig. 4B and Fig. 5A ). As pointed out previously the negative staircase in Li Ringer was accompanied with a conspicuous augmentation in the rate of tension development in contrast to that in the normal Ringer.
If the intracellular Ca level determines the pattern of staircase it would be interesting to know the time course of the change in the pattern of staircase during Li perfusion as well as washout with the normal Ringer. This was investigated in the preparation which showed a typical Bowditch type staircase in the normal Ringer (Fig. 4A) . A typical reverse staircase in the Li Ringer is shown in Fig. 4B , which was obtained after a Li perfusion for 30 min. Panels C and D show the rate-induced effect examined 30 min and 120 min after returning to the normal Ringer, respectively. It is quite clear that the recovery from the reverse staircase required far more time than its appearance. This would indicate the possibility that the Ca ions which flowed into the myocardial cell on exposing the Na-free Li solution via Na-Ca exchange process were tightly bound to some intracellular store and exchanged only slowly during washout. Figure 5 shows the effect of removal of external Ca ions on the twitch contraction in both Li (A) and Na (B) media. The experiment shown in panel B was done in succession to that in panel A on the same preparation after the twitch tension had been completely restored to the original level. In these experiments the ventricular muscle preparation was first perfused either with the Li Ringer for 25 min (A) or with the normal Ringer (B) with stimulation rate of 7 shocks/min and thereafter the stimulation rate was changed to 1 shock/ min in order to get more powerful and steady contractions (see Fig. 3 ). In the panel A Ca-free Li solution was perfused for 15 min between first two arrows after the twitch contraction had nearly reached to a steady level. Contrary to what was expected the twitch contraction was suppressed only slightly during Ca-free perfusion whereas in Na-containing solution it was suppressed markedly as seen in panel B.
Effect of removal of external Ca ions
The results obtained from five different frogs are summarized in Fig. 6 . . Effect of Ca-free perfusion on the twitch contraction in Na-free (A) and Nacontaining (B) conditions. In A Na-free Li solution was perfused for 40 min prior to the onset of Ca-free perfusion. The Ca-free Li Ringer was applied for 15 min after the twitch driven at a slower rate had reached to the steady level. Record B was obtained in succession of A and in Na-containing medium. Ca-free perfusion was made for 15 min between two arrows. (86.1 %) in Li solution than that in normal Ringer it is obvious that the sensitivity of the contractile elements to the external Ca was extermely diminished in Li medium. Figure 7A and B illustrate the changes in pattern of twitch contraction during reverse staircase in Na-containing and Li-containing solution, respectively. Ten contractions were superimposed during the transition phenomenon when the stimulation rate was decreased from 7 shocks/min to 1 shock/min. In the Nacontaining normal Ringer (A) the rate of force development remained practically unchagned and thus the positive inotropism was mainly attributed to the prolongation of the active state, as pointed out previously. On the contrary, in the Li Ringer (B), the positive inotropism was apparently due to an increase in the rate of force development, leaving the time to peak tension unchanged, except the change from the first contraction to second one.
The changes in the pattern of twitch contraction during Ca-free perfusion are illustrated both for Na-containing and Na-free condition in Fig. 7C and D, respectively. In the record C it can be clearly seen that the negative inotropism during Na-containing Ca-free perfusion resulted exclusively from the decrease in the rate of force development. Contrarily, in the Ca-free Li solution the rate of tension rise was suppressed only slightly reflecting the decrease of sensitivity of the twitch contraction to external Ca (panel D).
Potassium contracture during Na free Li perfusion NIEDERGERKE (1956a, b) has shown that elevation of the external Ca concentra tion enhanced not only twitch but also the potassium chloride contracrute in the frog ventricle. When the extracellular Ca was depleted from the medium the twitch height was diminished to about 12 % after 15 min as shown in Fig. 8A . The potassium contracture produced by Ca-free high K solution in this stage was very weak and amounted only 9.8 % of the control twitch. On the other hand, a much larger contracture was produced by an application of the same solution to the same muscle perfused with the Ca-free Li solution for 30 min (Fig. 8B) . It is noteworthy that the rise of contracture tension was fairly rapid as compared with panel A although the maximum tension was only 43 % of the control twitch in the normal Ringer, indicating an early onset of inactivation.
A similar result was observed in the same muscle preparation perfused previously with Ca-free Sr Ringer for 27 min (Fig. 8C) . A modified Ringer solution which contained 2.4 mm SrCl2, instead of CaCl2, was perfused at the last upward arrow in panel B. The Sr Ringer was replaced by Sr-Li Ringer at the first arrow of panel C. One interesting finding was that the twitch tension decreased more rapidly in Sr-loaded muscle during divalent cation-free perfusion than in the Ca-loaded one.
Inhibitory action of Mn ion on the mechanical response in Li solution
Mn ion is known to block reversibly the ionic channel for inward Ca current in various excitable tissues including myocardial cell (HAGIWARA and NAKAJIMA, 1966; ROUGIER et al., 1969; CHIARANDINI et al., 1970; BAKER et al., 1971) . In the experiment shown in Fig. 9 Ca ion was depleted from the very beginning of Li perfusion. It can be seen that contractions with fairly large magnitude are produced during a 30-min (A) or 35-min (B) perfusion with Ca-free Li Ringer. On applying a solution containing 5 mm Mn the twitch contraction was rapidly and almost completely suppressed. It should be noted that in panel A there is a small but gradual increase in both the resting tension and the twitch contraction during Mn perfusion. Reexposing the muscle preparation to the normal Ringer resulted in an immediate recovery of the resting as well as the active tention to the original level.
In Fig. 9B a high K solution was applied after a 15-min perfusion with Mncontaining solution, which produced a very weak contracture just comparable to that in Fig. 8A . It is thus obvious that Mn ions inhibit both twitch contraction and potassium contracture in Ca-free Li medium.
The results presented in Fig. 9 raise the question of whether the contractions elicited in the Ca-free Li Ringer are induced by Ca ions of the intracellular origin or by those of the extracellular origin although the former possibility is more likely. This will be discussed later in more detail. These muscles were perfused with the Ca-free Li Ringer at the first arrow, and thereafter the stimulation rate was solwed down. A: 5 mm Mn was added at the second arrow which resulted in a rapid disappearance of twitch contraction. B: The effect of 5 mm Mn on the K-contracture, Na-free high K solution was applied after 15 min of perfusion with Mn-containing, Ca-free Li solution. The intensity was adjusted to be sufficient for inhibition of twitch contraction but not for initiation of break-response. A : Effect in the normal Ringer. The stimulation rate was slowed and then application of the same pulse was repeated in the second half of the record. B: Effect of polarization on the same muscle preparation perfused with the Li Ringer for 30 min during which the stimulation rate was slowed down to 1/min in the second half. Vol. 29, No. 5, 1979 A B C D E F Fig. 11 . Effects of hyperpolarizing pulse on the action potential and twitch contraction. The experimental procedure was essentially the same as Fig. 10 . Records A, B and E, F show the control response before and washout of the Na-free Li Ringer, respectively. Records C, D show the response obtained in the Li Ringer. The slight depolarization seen in record B is artificial and not a true one, which however clearly shows a marked inhibition in both action potential and twitch contraction. The stimulation frequency was 8/min for A, B, E, F and 1 /min for C, D, respectively.
In contrast to this, in the Li Ringer, an application of hyperpolarizing pulse on the muscle beating with a rate of 1/min failed to produce any inhibitory effect. The results are shown in Fig. 10B . The purpose of this experiment was twofold: first, to see whether the Li action potential can be affected by a hyperpolarizing pulse in a similar manner as in the normal Ringer or not, and second, if affected, how the action potential regulates the twitch contraction in Na-free Li medium.
The results illustrated in Fig. 11 clarify these points in another preparation. Panels A and B are the control response obtained in the normal Ringer. An application of hyperpolarizing pulse of 1 sec resulted in a decrease in both the action potential, especially its duration, and the contraction, especially the time to peak tension. The rate of tension development was considerably suppressed. Panels C and D are the response recorded in the Li Ringer. As seen in D a hyperpolarizing pulse caused a suppression of the action potential just in the same manner as in the normal Ringer, although the resting membrane potential was depolarized by about 15 my during the prolonged Li perfusion for 45 min. In spite of this marked suppression of the action potential no inhibition occurred in the twitch contraction. The response after washout of Li Ringer is shown in panels E and F.
DISCUSSION
The main result of this study is that the excitability and the contractility of the bullfrog ventricle are maintained in Na-free Li solution and that the twitch contraction in this medium is affected neither critically by Ca depletion from the medium nor by modification of action potential.
The action potential exhibited a triphasic change during Li perfusion. In the first phase both the overshoot and duration were markedly suppressed without noticeable change in the resting membrane potential. In the second phase the former two parameters were gradually restored and in the last phase a pronounced increase in the overshoot and an almost complete recovery in the duration of action potenital took place together with a considerable reduction of resting membrane potential. With regard to the change in the resting membrane potential during Li perfusion several contradictory results were reported. In the frog's sartorius muscle KEYNES and SWAN (1959) found that there is no significant change in the resting potential on exposure to Li for 15 to 30 min whereas in the cat ventricular and Purkinje fibers CARMELIET (1964) could observe a depolarization of about 20 mV during a 30 min perfusion of Li Tyrode.On the other hand NIEDERGERKE and ORKAND (1966) reported a very slow reduction (5 mV/hr) of the membrane potential in the frog ventricle during a perfusion of the 75 %Li -25 %Na Ringer. In the present experiment a considerable depolarization up to 15 to 20 mV was found by replacing the normal Ringer with Li Ringer. The decrease in the resting potential may probably be attributed to a reduction in EK which resulted from a progressive loss of K ions due to accumulation of Li ions in the myocardial cell.
Another interesting finding is that both the overshoot and duration of the action potential were gradually restored during prolonged Li perfusion. Such a recovery phenomenon has been reported neither in amphibian nor mammalian myocardial cells, while only the suppression has been observed (STEIN et al., 1955; CARMELIET, 1964; NIEDERGERKE and ORKAND, 1966) . Thus it could be speculated that the action potentials observed in the later stage of Li perfusion are induced by both fast Li and slow Ca currents. In this connection, CHESNAIS et al. (1975) recently found that Li does not affect the slow inward Ca current while it inhibits the slow inward Na current.
In contrast to the recovery of action potential the twitch contraction was gradually diminished during Li perfusion although a slight recovery was usually observed bofore the active tension became steady. The initial rapid decline was due to both shortening of the action potential plateau and the development of contracture while the subsequent slower decrease took place in parallel with the subsidence of contracture. The slight recovery of twitch, though considerably suppressed, occurred with the gradual restoration of the action potential plateau. The suppression of twitch in Li Ringer resulted exclusively from a decrease in the maximum dP/dt. The appearance of the negative staircase is of particular interest. There are two major findings. The first is the change in the rate of tension development (max. dP/dt). This means that the phenomenon is a true positive inotropism which is attributable to the increase in the intracellular level of activator Ca. The second finding is that the contractility per se was not impaired during prolonged Li perfusion although the relaxation was exteremely slowed.
The appearance of the negative staircase would indicate the possibility that some intracellular sites for Ca sequestration as well as its turnover are involved since the concentration gradient for Ca movement across the sarcolemma was kept constant throughout the phenomenon and the complete relaxation was brought about prior to each activation by lengthening the stimulation interval. If a simple cummulative process were operating the twitch should decrease rather than increase by lowering the stimulation rate. Thus, it could be assumed that there are at least two intracellular sites which regulate the amount of activator Ca. The one may play an essential role in regulating the relaxation speed while the other accumulates Ca ions from the former site as well as the extracellular space according to the interval of activation. The latter site provides the activator Ca to be released by the following action potential. Such a process has been postulated mainly in the mammalian myocardium, especially in regard to the Woodworth type staircase phenomenon (WOOD et al., 1969; MORAD and GOLDMAN, 1973; EDMAN and JOHANNSON, 1976) .
The lack of any definitive dependency of the twitch contraction on external Ca in Li medium would indicate that the major source for the activator Ca is of cellular origin rather than of extracellular one. Comparison of the time course of tension fall during Ca-free perfusion in both Na-and Li-containing solutions revealed that the speed of decrease was extremely slow in Li-perfused muscle, reflecting a possible increase in the intracellular Ca. Furthermore a considerable contracture was elicited on applying the high K solution in the Li-containing Ca-free medium, indicating that the activator Ca was released intracellularly rather than delivered from the medium. That the decay of twitch tension during divalent cation-free perfusion was more rapid in Sr-loaded muscle could be explained by the difference in the binding capacity of some cellular storing site for divalent cation, possibly sarcoplasmic reticulum (KAWATA and HATAE, 1977) .
Moreover, it was found that the twitch contraction induced in the Li Ringer is totally insensitive to altering of the action potential duration. The shortening, as well as the suppression of the action potential caused by an application of hyperpolarizing pulse failed to show any discernible change in the corresponding twitch, especially its rate of development. Therefore, it would be argued that in the Li Ringer the action potential acts merely as a signal for triggering the twitch in an 'all or none' fashion and not as its regulator. The extremely slow relaxation, thus, takes place regardless of the repolarization process. If the magnitude of twitch contraction is determined solely by Ca ions flowed into the sarcoplasm across the membrane during action potential, that is by slow inward Ca current, the relaxation should start at the time point of repolarization as occurred in the normal Ringer, because the rate of tension development is fairly rapid even in the Li Ringer. The existence of a close relationship between the membrane repolarization and the onset of relaxation of myocardial contraction has been repeatedly demonstrated (MoRAD and TRAUTWEIN, 1968; KAWATA et al., 1969; MORAD and ORKAND, 1971) .
All these findings support the view that the activator Ca is mainly of the intracellular origin including the inner surface of the sarcolemma. Thus it is possible that, at least in some special conditions as used in the present study, the contractility of the bullfrog's ventricle can be regulated by the intracellularly bound Ca. Although the precise localization should be clarified considerable evidences have been accumulated which suggest a possible role of stored Ca in the regulation of contractility even in the frog's heart muscle (Soils and LANGER, 1970; LEOTY and RAYMOND, 1972; PAGE and NIEDERGERKE, 1972; CHAPMAN, 1973; SAKAI and KURIHARA, 1974; VASSORT, 1973; SCHEUERMANN, 1974) .
One puzzling finding is the prominent inhibitory effect of Mn ions. Mn promptly inhibited both the twitch and potassium contracture in Li-containing medium. This is, however, incompatible with the idea that the activator Ca mostly comes from the intracellular site since Mn is known to selectively abolish the slow Ca channel. Following this line of thought, it would be necessary to assume that Mn ion not only blocks the Ca channel in the myocardial sarcolemma but also affects somehow the release of Ca from the intracellular store. Recently DELAHAYES (1975) showed, in the guinea pig ventricle, the possibility that Mn enters the myocardial cells and thus directly interferes with the excitation-contraction process. This author assumed that Mn ions block the sequestration of activator Ca by sarcoplasmic reticulum by competing for the Ca binding site. OCHI (1976) also showed the evidence that Mn can pass through the slow inward current channel in guinea pig ventricle. The inhibitory effect of Mn reported by the present author may be explained by some direct action on the Ca releasing process rather than the Ca sequestrating process just mentioned since in the present study only a trivial contracture was observed during Mn perfusion (Fig. 9A ). An alternative hypothesis would be the secondary decrease in the Ca release from the storing site which results from the primary reduction of the Ca entry by Mn, a mechanism observed by FABIATO and FABIATO (1975) in the mammalian hearts. Although the rapidity of the effect would be in favor of the latter assumption it is difficult, at present, to decide the precise mechanism of the inhibitory action.
